ABSTRACT In underwater sensor localization scenes, beacon nodes (BNs) with known coordinates are deployed to localize unknown nodes (UNs). However, the BNs are likely to drift due to undercurrents, geological changes, and marine biological activities, which will lead to localization failure. This paper proposes underwater localization evaluation scheme (ULES) to improve localization accuracy under drift scenes. Reliability of BN is evaluated based on underwater drift, underwater environment, and underwater acoustic channel using an analytic hierarchy process and a grey correlation method. For each UN, four BNs in its communication range with high reliability are selected for underwater localization. This process can iterate for several times, and newly localized nodes act as temporary BNs in the next iteration. Simulations are performed for different localization schemes under different BN deployment schemes and scenarios.
I. INTRODUCTION
Underwater localization technology is the basis of marine technology. As the Global Positioning System (GPS) cannot be directly used there, underwater wireless sensor networks (UWSNs) become promising solutions, which can significantly improve the localization accuracy and speed in large geographical areas [1] , [2] . Besides, UWSNs-based methods are at least an order of magnitude cheaper than conventional oceanographic research vessels [3] . For these reasons, UWSNs have been widely used in aquaculture [4] , disaster forecast, deep-sea exploration [5] , [6] , military navigation and localization [7] , tsunami warning system [8] . However, accurate coordinates of beacon nodes (BNs) is the prerequisite of UWSNs-based localization. Traditional methods such as the Received Signal Strength Indication (RSSI), Time of Arrival (ToA), Time Difference of Arrival (TDoA), and Angle of Arrival (AoA) [9] , [10] assume that the position of BNs are ideal static. These methods would get bad results or even fail completely if the BNs deviate from the original places, which is called BN drift scenes. This paper proposes a novel localization scheme making use of four BNs to mitigate the negative impact of BN drift, which includes three steps. (1) Each unknown node (UN) chooses four BNs with high reliability in its communication range. To do that, some indexes are proposed and their weights are evaluated using the analytic hierarchy process (AHP) method. Then calculate the grey correlation grades representing the reliability of each BN. BNs in the communication range of each UN are ranked according to reliability, and the four BNs with highest reliability are chosen. Here we call them A, B, C and D. ( 2) The three BNs (e.g., A, B, C) are used to determine two candidate coordinates as shown in Fig. 1 , and the candidate coordinates with relatively small distance error to D are selected as final localization result. (3) For the UNs with BN neighbors less than 4 in its communication range, the localized UNs act as temporary BNs. Once there are enough number of BNs with the help of temporary ones, the localization process continues with the same method stated before. It's important to note that the method can also be used in the third or even more iterations. The main contributions of this paper are as follows: 1) An underwater localization scheme is proposed under BN drift scenes, which has better localization performances compared with other traditional algorithms. It reduces the impact of BN drift as far as possible.
2) We propose an underwater BN reliability evaluation scheme based on AHP and grey correlation, and verify its effectiveness through simulation.
3) We simulate the localization scheme comprehensively and analyze the impact of various factors, namely deployment scheme, drift rate, drift distance and iterative times.
The rest of the paper is organized as follows. Section 2 presents the related work. Section 3 presents our new method, underwater localization evaluation scheme. Section 4 presents the simulation experiments and results. Section 5 concludes the whole paper.
II. RELATED WORK
A typical localization model with UWSNs is presented in Fig. 2 , where BNs can be classified into 5 types [11] . 1) Surface buoy node: They work in the surface layer and can get location information via GPS.
2) Suspended node: They suspend in the still water with known coordinates.
3) Dive'N'Rise (DNR) beacon: They periodically rise to the surface to refresh location information. 4) Bottom node: They are fixed at the bottom of the sea and their location information is known.
5) Bottom Node with anchor: They are fixed at the seabed with their anchors.
These BNs can form a network, like Ad-hoc. Acoustic communication is the most promising method underwater and its communication radius is up to dozens of kilometers.
In recent years, many researchers tried to solve the problem of underwater 3D localization with different ideas and proposed a variety of localization schemes.
Erol et al. [12] designed Dive'N'Rise (DNR) beacons and proposed DNR localization scheme. Beacons in DNR periodically refresh their 2D coordinates from GPS on the surface of water, then they get their depth coordinate after diving into water. DNR localization scheme is a distributed estimationbased localization algorithm for underwater networks. DNR can achieve high localization coverage and accuracy. However, due to the slow movement of the DNR node, it leads to a long-time delay for the nodes near to the bottom. Cheng et al. [13] proposed a quadrilateral localization scheme called underwater positioning scheme (UPS). It uses four BNs to localize an UN, which is suitable for static water environment. The UPS uses TDOA to avoid the time synchronization and can be considered as an extension of Trilateration method in 2D environment. However, since it only relies on the four BNs to localize, this scheme does not apply to large scale underwater network. In addition, it requires the BNs have a long communication range, which further restricts its application field. Zhou et al. [14] proposed a hierarchical approach for large scale UWSNs with two phases: anchor node localization and ordinary node localization. The network consists of three types of nodes: buoy node, anchor node and unknown node. The buoy nodes obtain the coordinates through GPS firstly, and the anchor nodes get the coordinates with the help of the buoy nodes, then they send the coordinates to the UNs periodically. They further proposed a 3D Euclidean distance estimation method with a recursive location estimation method. However, hierarchical approach is likely to cause the accumulation of errors, and the updating process of anchor node coordinates is complicated, which is easy to cause delay.
Many studies suggest that beacons can drift in actual scenarios. Generally, it may occur due to the following reasonsčž 1) Undercurrents. Because of the interaction of ocean currents, ocean tides, alongshore flows, ocean internal waves and other natural phenomena, a node is susceptible to sea level variability and position shifting [15] - [18] .
2) Geological changes. Crustal movement and tsunami will undoubtedly impose a serious impact on underwater movements [19] , [20] .
3) Biological activities. Marine animals like fish will also bring about unpredictable impact. Once a BN drifts passively due to aforementioned reasons, the localization results are likely to suffer from big errors.
At present, there are few researches on the drift of underwater BNs. Some scholars assume an underwater dynamic network with relatively low water flow speed. Na Xia et al. [21] proposed a localization theory based on rigidity in 3D underwater environments. Furthermore, they used analytic hierarchy process (AHP) to determine whether a sensor is within communication range of BNs. However, BN drift is more complicated than the slow water flow assumption. For one thing, drift orientation and distance are unpredictable. For another, only a part of beacons drift.
Based on the analysis, almost all types of BNs are likely to drift. In the following analysis, we only consider the 3D coordinates of the BNs, regardless of their types. The main aim of this paper is to provide a practicable localization method under BN drift scenes namely underwater localization evaluation scheme. What is more, we also expect that the scheme is suitable for large-scale UWSNs, and has a good localization result.
III. UNDERWATER LOCALIZATION EVALUATION SCHEME
ULES includes three steps as shown in 
A. RELIABILITY EVALUATION FOR BN 1) PROBLEM DESCRIPTION
During the process of UWSNs localization, the error of localization often comes from two aspects. Firstly, coordinates of the BNs change due to drift, which will lead to error coordinate results of the UNs. Secondly, there will be uncertain ranging errors using range-based algorithms, which may lead to the inaccurate calculation results of UN coordinates. The former is more significant in drift scenes while the latter challenge exists in other classic positioning systems. Moreover, the drift distance can be one to two orders of magnitude higher than the ranging error. Considering the possible errors above, we propose a reliability evaluation method to find the BNs with high reliability.
For the error caused by drift, ULES introduces underwater drift index to evaluate whether the BNs drift. Drift index evaluate the drift possibility of BNs according to inter-node position change, because drift will inevitably lead to the change of the ranging value between BNs.
For the error caused by ranging, we refer to the two main challenges of underwater ranging, namely underwater environment and underwater acoustic channel.
According to Saaty [22] , a hierarchical multiple-index model is proposed in 2) to evaluate the reliability of each BN.
2) INDEX DESCRIPTION
We establish a 4-level hierarchical evaluation model as shown in Fig. 4 . The top layer is the goal layer, where BNs are sorted according to reliability. The second layer is the network layer concerning three independent network characteristics, namely, underwater drift, underwater environment and underwater acoustic channel. Underwater drift is a decisive index in dynamic environment. Challenges and influencing factors in underwater environment and acoustic channel have been elaborated in [23] - [25] , which provides theoretical support for our model. The third layer is the node layer which interprets the network layer indicators from a microscopic perspective. At the bottom layer, the candidate BNs are evaluated with the aforementioned indexes. This hierarchical evaluation method facilitates the comparison of weights between indexes. There are two principles for the selection of indexes. First, the selection of indexes is as comprehensive as possible; second, the data corresponding to the indexes can be measured or calculated. We will introduce the three indexes of the network layer and their corresponding node layer indexes.
• Network layer-Underwater drift Any BN cannot estimate whether another BN in its communication range drift or not directly. We suppose there are n BNs in the communication range of BN M. In turn as follows.
Define an index I drift representing the displacement of the BN, i.e., the drift index. It equals to the mean of all the D i associated with the BN, as follows.
In the process of reliability evaluation, large I drift means great inter-node location change, which indicates high drift possibility. On the contrary, BNs with smaller I drift indicate that the coordinates fluctuation is small, and the possibility of drift is lower.
• Network layer-Underwater environment According to [25] , hydrological environment causes ranging errors due to sound speed variation. Temperature, pressure and salinity are among the most important factors.
Underwater temperature affects sound speed. The speed of sound reaches a peak at a certain temperature. In actual practice, we set the sound speed in seawater as 1500 m/s. Underwater pressure also influence sound speed. Reference [26] shows that high pressure makes the sound faster. Analogously, sound velocity increases with the salinity of sea water [27] .
• Network layer-Underwater acoustic channel The underwater acoustic channel is a time-varying channel. However, underwater ranging requires relatively stable and reliable communication channels. We select the major challenges affecting underwater channels, that is, inter-node time synchronization, battery power and bandwidth [28] .
Inter-node time synchronization refers to the time difference among the BNs. Unlike terrestrial WSNs that can be time-synchronized via GPS updates, most BNs cannot be time-synchronized, and their clocks are subject to skew as well as offset [25] . The cumulative inter-node clock error will affect the accuracy of acoustic ranging.
Battery power refers to the power status of a BN. UWSNs are stable when the power is enough, otherwise the BNs in the UWSNs may occur abnormal dormancy and then destroy the network topology and network communication.
Bandwidth refers to the max communication bandwidth of the underwater communication. According to Shannon Theorem, higher bandwidth can guarantee higher maximum information transmission rate and lower error rate, which is vital in reliability evaluation.
3) ALGORITHM DESCRIPTION
AHP is applied to calculate the weight of each index, grey correlation analysis is used to normalize the value of corresponding indexes. For each BN, sum of values multiplied by its weights can represent reliability.
Step1: Using AHP to assign weight vector
• Establishing judgment matrix The indexes descripted in network layer and node layer are assigned different weights came from a fuzzy comprehensive judgment matrix A of BNs whose element a ij represent the comparison result of the i-th index versus the j-th index. Table 1 shows the 1 ∼ 9 scale of element a ij .
Obviously, judgment matrix A satisfies a ij > 0, a ji = 1/a ij , a ii = 1.
• Calculating weight vector Use the normalized eigenvector of the largest eigenvalue λ max as the weight vector W , where W = {w 1 , w 2 , ...w n } and
• Consistency test In the matrix A, n is the sum of the diagonal elements, and it equals to the sum of the eigenvalues. As λ max has a continuous dependence on a ij , the larger λ max −n is, the more inconsistent matrix A is. Furthermore, the degree of inconsistency is proportional to the judgment error. So, we use the size of λ max −n to measure the inconsistency degree of A. Further define the consistency index as CI = (λ max −n)/(n−1) and randomness consistency index as RI . For n = 1,2,3,4,5,6,7,8,9,10,11, the corresponding RI = 0, 0, 0.58, 0.9, 1.12, 1.24, 1.32, 1.41,1.45,1.49,1.51 respectively.
It should be emphasized that AHP has a flexible applicability in our model. In different situations, we can change the a ij value in fuzzy judgment matrix A for network layer and node layer to adapt to different application environments, which is a particular advantage of our model.
Step 2: Grey correlation analysis The grey correlation analysis is a useful technique to deal with poor, incomplete and uncertain data (grey data) [27] .
• Grey correlation generation In grey correlation analysis, scores are normalized, which is called grey correlation generation. Among the indexes, drift index and inter-node time synchronization are better to be low. The others are better to be high.
For higher-the better criterion, the normalized output can be expressed as:
For lower-the better criterion, the normalized output can be expressed as:
x k (i) is the output value of the grey correlation generation, while min y k (i) and max y k (i) are the smallest and largest values of y k (i) for the i-th index of BN k , respectively.
• Grey correlation coefficient Grey correlation coefficient represents the correlation between the desired and actual experimental data. The grey correlation coefficient ξ k (i) can be calculated as
where λ is the distinguishing coefficient 0 ≤ λ ≤ 1 (generally, λ = 0.5); xo (i) is the most optimal reference value of i-th index; min and max are the smallest and largest value of o k for corresponding i-th index.
Step3: Grey correlation grade After averaging the grey correlation coefficients, the grey correlation grade γ k can be computed as:
where n is the number of indexes, and w i is the factors in AHP. After getting the grey correlation grade γ k , we define R k as the reliability of BN k .
Obviously, R k ranges from 0 to 1.
B. UNDERWATER LOCALIZATION 1) PROBLEM DESCRIPTION
Underwater three-dimensional (3D) localization requires at least four BNs, so that we can calculate the coordinates of the unknown node N (x, y, z) with UPS localization scheme (see Fig. 6 ). We know 3D coordinates of the four BNs ((x1, y1, z1), (x2, y2, z2), (x3, y3, z3), (x4, y4, z4)) and the distance between the UN and BNs. Because of the ranging error, the coordinates with minimum error sum of distance are regarded as the final results [28] . The UN coordinate is the minimum solution satisfies the equation.
Obviously, UPS does not take the impact of BN drift into consideration. In order to reduce the adverse effects of BN drift, ULES selects four BNs using the reliability evaluation scheme previously proposed in section 3, namely A(xa,ya,za)B(xb,yb,zb)C(xc,yc,zc)D(xd,yd,zd). UN calculate two possible candidate coordinates based on A, B, C then it judges the real coordinates according to node D.
2) ALGORITHM DESCRIPTION
Step 1: Deploy BNs in the underwater monitoring area. Notice that any four BNs cannot be coplanar [29] . After a certain period of time, the BNs may drift.
Step 2: UWSNs begin to localize. BNs send packets to other nodes, UNs receive and process the packets in its communication range.
BNs can only participate in coordinate calculations within their communication range. Denote the number of BNs of the UN communication range as Q. If Q >= 4, determine the reliability of each BN based on the reliability evaluation scheme in section 3 and sort them according to reliability values. Then enter the step 3. Otherwise, the UN cannot be localized at present and has to wait for the next chance.
Step 3: For an UN to be located, take BNs A, B, C and D with the highest reliability and respectively get their 3D coordinates, A (xa, ya, za), B (xb, yb, zb), C (xc, yc, zc) and D (xd, yd, zd).
Step 4: Determine the distance between beacon A, B, C and D and UN itself using the range-based method.
Step 5: According to the distance relationship between UN (x, y, z) and BNs, we get equations 14
Solving the equations, we get two sets of solutions, α (xα, yα, zα) and β (xβ, yβ, zβ). Step 6: Calculate the value of α, β as follows
If α <= β, take α (xα, yα, zα) as the final result. Otherwise, β (xβ, yβ, zβ) is the final result. The localization process is shown as Fig. 7 .
Step 7: Repeat steps 3-6 for other UNs.
C. ITERATION
In real underwater environment, the number of UNs may be greater than that of BNs, making it difficult to localize all UNs through only one round localization. For this reason, it is necessary to use the localized UNs to assist further localization, called iteration. In iteration, a localized UN becomes a temporary BN. But temporary BNs must have reliability values in iteration. The iteration process can be described as follows.
Step 1: At the end of each round, the localized UNs are set as temporary BNs.
Step 2: Define the reliability of each localized UNi Ri as follows.
Here RA, RB, RC, RD are the reliability of corresponding beacon A,B,C,D respectively.
Step 3: Repeat step1 and step2 until the UN completes the required iterative times.
Although the accuracy of the iteration is relatively low, this is an important method for rough localization. We set iterative times to be 1, when only algorithm in subsection B is executed.
IV. PERFORMANCE SIMULATIONS A. SIMULATION SETTINGS
All simulations were conducted with MATLAB R2014a (8.3.0.532) for 64-bit under a 5000m × 5000m × 5000m 3D underwater simulation space. non-coplanar uniform distribution (NCUD) deployment scheme was adopted, which adds a scrambling distance to uniform distribution (xUD,yUD, zUD). That is
Where x SD ∼ U (−50, 50), y SD ∼ U (−50, 50), z SD ∼ U (−50, 50). RD is short for random deployment.
In this way, BNs in 3D space are still approximately uniform distribution and the probability of the BN being coplanar is quite small.
To simulate the affection of node drifts, set an offset for each coordinate of BN (see Fig. 8 ).
In formulas 22∼24, D ∼ U (0, MAX ),θ ∼ U (0, 360) and ϕ ∼ U (0, 180), where MAX is the maximum distance of drift.
In addition, assume that the average ranging error (Re) follows normal distribution:
To evaluate the performances comprehensively, four schemes, namely, ULES-NCUD, ULES-RD, UPS-NCUD and UPS-RD were compared. We run each simulation for 5 times and analyze the results according to the following steps:
1) Verify that AHP based reliability evaluation scheme effectively reduces the effect of drift. 2) Evaluate the performances in terms of average localization error and accurate localization rate with varying drift rate and drift distance.
3) Discuss the effect of deployment of BNs and the superiority of ULES algorithm.
4) Discuss the effect of iteration.
B. EFFECTIVENESS OF RELIABILITY EVALUATION
We propose an AHP based reliability evaluation scheme in section 3 and try to eliminate the interference caused by drift. We verify the effectiveness of the evaluation scheme through simulation. In ULES, each UN requires 4 BNs in its communication range. The drift BN will only be used as a reference when there is no redundant candidate BNs. Set the drift rate varying from 0.1 to 0.6, the maximum drift distance as 100, 300, 600, 1000, 1500, 2000. Other parameters are set according to Table 2 . The effects of drift are effectively controlled as shown in Fig. 9a . Drift rate of the BNs is significantly reduced after the reliability evaluation and screening. For drift networks with low drift rate (i.e., drift rate less than or equal to 0.1), the effect of drift is almost eliminated. Fig. 9b confirms the validity of the reliability evaluation from the perspective of the average drift distance. The effective reliability evaluation scheme helps ULES reduce the drift introduced by BNs.
C. COMPARISON OF LOCALIZATION SCHEMES
The influence of drift mainly depends on the drift rate and drift distance. Set the maximum drift distance as 1000, drift rate varying from 0.1 to 0.6, and other parameters are set according Table 2 . Fig. 10 shows the average location error and accurate localization (error < 5m) rate under varying scenario.
Analogously, set drift rate as 0.2, the maximum drift distance variant as 100, 300, 600, 1000, 1500, 2000, and other parameters are set as the same value as Table 2 . The simulation results are shown in Fig. 11 . Fig. 10 and 11 illustrate that drift has negative influence on localization accuracy. High drift rate means more coordinate change and less reliability. Moreover, it is clear that the larger drift distance is, the greater localization error is. We compare the four schemes as follows.
From the perspective of localization scheme, ULES and UPS are compared, as line 1 and line 2 shown in Fig. 10 and 11 . The accuracy of ULES is higher than UPS. This is because many drift nodes are screened out and the BNs with high reliability is less likely to drift, which reduces the adverse effects of BN drift. For ULES, BNs after drift are more likely to be identified, which also reflects the AHP based evaluation scheme can objectively distinguish the bad BNs. From the perspective of BN deployment scheme, NCUD and RD are also compared, as line 1 and line 3 shown in Fig. 10 and11. It can be noted that the localization accuracy of NCUD is higher than RD. When the spatial distribution of the beacon is not uniform, BNs may be dense in some areas while scarce in other areas, making it difficult to localize the UNs at the network edges and scarce areas. Therefore, the localization results of the NCUD shows better stability.
To sum up. ULES-NCUD shows the best performance in the four schemes, with about 25% higher accurate localization rate than that of conventional UPS-RD.
D. EFFECT OF ITERATIVE TIMES
Set drift rate as 0.2, the maximum drift distance as 1000, communication range of node as 1000m, and iterative times variant as 1, 2, 3, 4, 5, other parameters are set as the same value as Table 2 .
It can be seen from Fig. 12 that the accurate localization rate keeps increasing with iterative times, which fully proves that temporary BNs played a positive role in our method. However, the error will accumulate so that the average localization error becomes larger. After the third iteration, the localization results no longer change significantly. Besides, iterative localization means more communication and processing consumption. For these two reasons, ULES recommends to iterate no more than 3 times.
V. CONCLUSIONS
In this paper, we proposed a range-based localization scheme under BN drift scenes. First, we select the appropriate criteria and calculate the reliability of the BNs using AHP and Grey correlation analysis, then localize UN using ULES. To verify the localization performances, comprehensive MATLAB simulations are performed for 4 different localization schemes under different BN deployment schemes and different scenarios, such as incidence rate of drift, max distance of drift, iterative times et al. Compared to other localization schemes, ULES-NCUD has the best localization result. In the following study, we will attempt to simulate in an irregular and obstacle space with irregular underwater activities. If possible, the use of inertial sensors and accurate measurement of drift distance will further improve accuracy.
